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Abstract
The heavy beryllium isotopes 13Be and 14Be are described as one- and two-neutrons
outside of a deformed 12Be core, which is treated as a rigid rotor and the neutron-
core interaction is approximated by a deformed Woods-Saxon potential. Our three-
body description of 14Be uses the hyperspherical expansion formalism, including the
core degrees of freedom. We explore those potential parameters compatible with the
known properties of 12Be, 13Be and 14Be. We find that both 14Be and 13Be can be
described simultaneously provided the 12Be core has a large positive quadrupole
deformation.
PACS numbers: 21.60.-n, 21.10.-k
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1 Introduction
The 14Be nucleus is a good candidate for having a neutron halo structure and
both 14Be and its subsystem 13Be have been the subject of several recent ex-
periments and theoretical calculations. In this work we perform a simultaneous
study of the properties of both 13Be and 14Be, described as few-body systems
with a 12Be core and one- or two-neutrons. The 12Be core is assumed rotational
and is allowed to excite to its first 2+ state. These few-body structure models
rely on a knowledge of the underlying potentials between the constituents and
hence on the structures of each of the underlying two-body subsystems. To
understand 14Be one must at the same time understand 13Be.
1 Electronic address: tatiana@fma.if.usp.br
Preprint submitted to Elsevier Science 7 November 2003
The known experimental information on the 14Be, 13Be and 12Be nuclei is
outlined below and the results of some earlier theoretical descriptions are dis-
cussed. The two-neutron separation energy of 14Be has been the subject of two
experiments. The first, a pion double charge-exchange measurement [1], gave
1.12±0.16 MeV. The second, time-of-flight experiment [2], gave 1.48±0.14
MeV. The usually cited value, S2n = 1.34 ± 0.11 MeV [3], is the weighted
average of these. An experiment by Labiche et al. [4] studied the dissociation
of 14Be at 35 MeV/nucleon on carbon and lead targets in a kinematically
complete measurement. Comparisons of the data with three-body model cal-
culations suggested that the ground state wave function of 14Be includes a
strong [2s1/2]
2 state admixture.
There have been a series of experiments to study 13Be [5–8]. That 13Be is
unbound was suggested more than 30 years ago [9,10], and confirmed in 1973
[11]. Although the detailed results and conclusions drawn from the available
experiments are quite different, they do all agree that 13Be has an excited
state at approximately 2.0 MeV with spin-parity 5
2
+
. Recently Thoennessen
et al. [12] found the first evidence for low-lying s-wave strength in 13Be. Those
authors show that the experimental data are consistent with simulations if
one assumes the ground state of 13Be is an s-state with a scattering length
as < −10 fm, and which corresponds to a virtual state at relative energy less
than 200 keV.
The nucleus 12Be has also been studied [13,14] using the 10Be(t,p)12Be reac-
tion. Fortune et al. [14] reported five low-lying states of 12Be with Ex = 0.0(0
+),
2.1(2+), 2.7(0+), 4.6(2+) and 5.7(4+) MeV, where the spin assignments of the
last three states are only tentative. In recent years much evidence has been
accumulated that 12Be does not have a good N = 8 neutron closed shell
[15–17]. Iwasaki et al. [15] observed a strong excitation of the 12Be 2+1 state
in inelastic proton scattering from 12Be, consistent with a strong quadrupole
deformation. The associated coupled-channels analysis deduced a deformation
length δ=2.00±0.23 fm for this state (corresponding to β = 0.728±0.084 when
R = 1.2×A1/3), confirming that the closed shell structure does not prevail in
12Be. The most direct observation of the disappearance of the N = 8 closed
shell in 12Be arises from the one-neutron knockout reaction, measured at MSU
on a 9Be target [16]. The spectroscopic factors and momentum distributions
of the 11Be residues in their 1/2+ ground state and 1/2− excited state reveal
that the last neutrons have a significant [2s1/2]
2 + [1d5/2]
2 configuration and
that there is only of order 30% of the [1p1/2]
2 closed shell component.
There have also been several theoretical analyses of the structure of 13Be and
14Be. Most of these assume that 13Be has a 1d5/2 resonance at 2 MeV and
has a low-lying spin 1/2 state – a p-wave resonance or a s-wave virtual state.
Bertsch and Esbensen investigated 13Be and 14Be using a two-neutron pairing
model [18] in which 14Be is described as an inert core and two interacting
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neutrons. The 14Be two-neutron separation energy, S2n = 1.34±0.11 MeV, was
reproduced for a 13Be d5/2 resonance at 2.4 MeV and an unbound 2s1/2 ground
state. A similar model was employed in the work by Labiche et al. [19], which
proposed several different scenarios for the structure of 13,14Be, fixing the d5/2
resonance at 2 MeV. Their model however predicts a 1/2− ground state in 13Be.
The Faddeev three-body approach was used by Thompson and Zhukov [20],
also treating 14Be as an inert 12Be core interacting with valence nucleons via a
single channel `-dependent Woods-Saxon potential. It was found that in order
to keep 13Be unbound, and at the same time to describe correctly the binding of
14Be, the position of the d5/2 resonance had to be lowered to 1.3 or 1.0 MeV. In
contrast to the macroscopic calculations described above, a microscopic three-
cluster model was used by Descouvemont [21]. These calculations required that
the s-wave ground state in 13Be is slightly bound, with an energy −19 keV,
and the d5/2 resonance is at the measured energy, 2 MeV. The calculations
showed an increased rms radius compared to that of 12Be and a comparatively
large excited core component in the total wave function. The microscopic
12Be−neutron potential derived by Descouvemont was used in Lagrange-mesh
calculations of 14Be by Adahchour et al. [22], and later more accurately by
Baye [23]. The Lagrange-mesh techniques have proved to give a simple and
accurate solution of the three-cluster 12Be+n+n Schro¨dinger equation. The
calculations show that a renormalisation of the core-neutron potential, by a
factor 1.06, is needed in order to generate a separation energy of 14Be of 1.18
MeV.
The above overview shows that a simultaneous description of the 14Be Bor-
romean system and its unbound daughter 13Be is not an easy task. To describe
correctly the binding of 14Be one has to assume either a bound s-wave ground
state of 13Be or an unbound 13Be, but with a p-wave ground state. Neither
scenario is consistent with the experimental data.
In this work an excited core model [24–26] is used to attempt to describe
13Be and 14Be as one- or two-neutrons outside of a deformed 12Be core. The
previous inclusion of such core excitation, of 10Be, made it possible to describe
11Be as a 2s-intruder state nucleus. The approach was also used by Esbensen
et al. [27] to describe positive parity states of 11Be and by Ridikas et al. [28]
to study a series of carbon isotopes.
The basic idea of the method is that the deformation of the core leads to
couplings with core excited configurations. For the two-body structure we
assume a particle-rotor model. The advantage of this approach is that the
inclusion of core degrees of freedom is physically transparent and simplifies
the calculations. To solve the three-body 14Be problem, the hyperspherical
expansion method is used. This method is widely used nowadays to describe
the characteristics of light exotic nuclei. The advantage of this method is that
it uses an expansion over a complete set of orthonormal functions, which re-
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duces the three-body problem to a set of one-dimensional hyperradial coupled
equations whose solution is translationally and rotationally invariant. Another
important advantage of this method, for Borromean nuclei, is that the correct
three-body asymptotic behavior is assured. A known disadvantage is the rela-
tively slow convergence of the three-body energy eigenvalues with the number
of hyperspherical harmonics used.
This paper is organized as follows. In Section 2 we describe briefly the two-
body and three-body models used for the structure calculations of 13Be and
14Be. In Section 3 we explore those potential parameters which are compatible
with the known properties of 12Be, 13Be and 14Be. Finally, Section 4 contains
a summary and conclusions.
2 Theoretical background
2.1 Two-body model
The total Hamiltonian Hˆ of the core plus neutron two-body system can be
written
Hˆ = Tˆr + hˆc(~ξ) + Vˆnc(~r, ~ξ), (1)
where Tˆr is the kinetic energy of the relative motion of the core and valence
neutron, hˆc(~ξ) is the core Hamiltonian, which depends on the internal variables
~ξ, and Vˆnc(~r, ~ξ) is the interaction between the core and the neutron. The total
wave function of the system, with total angular momentum J and projection
M , is expanded in terms of the core states φI as
Ψ
(2)
JM =
∑
l,j,I
χJljI(r)
r
{[Yl ⊗Xs]
j ⊗ φI}
JM , (2)
where the Yl are spherical harmonics and the Xs are spin functions. The
rotational model is assumed for the structure of the core, hence the core is
a deformed axially symmetric rotor and the φI are proportional to rotation
matrices. In the body-fixed frame the radius of this deformed core is expanded
in spherical harmonics and, for simplicity, we retain only the quadrupole term,
as
R(θ
′
, φ
′
) = R0
[
1 + βY20(θ
′
, φ
′
)
]
. (3)
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For the core-neutron interaction, we assume a deformed Woods-Saxon poten-
tial but with an undeformed spin-orbit term,
Vnc(r, θ
′
, φ
′
) =
V0
1 + e
r−R(θ′,φ
′
)
a
− 2(
h¯2
mpic
)2
Vls
r
d
dr
1
1 + e
r−Rws
aws
l · s. (4)
The same deformation parameter is assumed for all core states.
2.2 Three-body model
The three-body Hamiltonian of the system, after separation of the center of
mass motion, is written
Hˆ = Tˆx + Tˆy + hˆc(~ξ) + Vˆnc(r1C , ~ξ) + Vˆnc(r2C , ~ξ) + Vˆnn(x, sx, lx), (5)
where Tˆx and Tˆy are the kinetic energy operators associated with the normal-
ized Jacobi coordinates x =
√
A1A2
A1+A2
X and y =
√
(A1+A2)AC
A1+A2+AC
Y (see Fig. 1).
Here ~r1C and ~r2C are the vectors connecting neutron 1 and neutron 2 with
the core and, as previously, hˆc is the core Hamiltonian and ~ξ represents the
internal coordinates (Euler angles) of the core. In the T-coordinate system
the total wave function is expanded in terms of the core wave functions. Let
J and M be a total angular momentum and its projection, lx and ly be the
orbital angular momenta in the x and y coordinates and I be a spin of the
core, then
Ψ
(3)
JM =
∑
lxlyLSIj
ψLSjIJlx,ly (x, y)
{(
[Ylx ⊗ Yly ]
L ⊗ [Xs1 ⊗Xs2 ]
S
)j
⊗ φI
}JM
. (6)
The radial wave functions, which depend on x = |x| and y = |y|, are expanded
in the hyperspherical harmonics which are defined using the hyperspherical
variables ρ and α,
ρ =
√
x2 + y2, α = arctan
(
x
y
)
. (7)
The hyperspherical expansion of the three-body radial wave function is
ψLSjIJlx,ly (x, y) = ρ
−
5
2
∑
K
χLSjIJKlxly (ρ)φ
lxly
K (α), (8)
φ
lxly
K (α) = N
lxly
K (sinα)
lx(cosα)lyP
lx+
1
2
,ly+
1
2
n (cos 2α),
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where P
lx+
1
2
,ly+
1
2
n (cos 2α) is the Jacobi polynomial and N
lxly
K is a normalization
coefficient.K is the hyperangular momentum quantum numberK = lx+ly+2n
(n = 0, 1, 2, . . .). Full details of the formalism of the hyperspherical harmonics
method, when including core excitation, is presented in Refs. [30,25].
As for the two-body system, for the core-neutron interaction we use a de-
formed Woods-Saxon potential and spherical spin-orbit term, defined in Eq.
(4). The neutron-neutron (NN) interaction was approximated by the GPT
local potential [29]. We used the simplified version of the GPT potential and
neglected the quadratic spin-orbit term in the NN interaction.
2.3 The Pauli Principle
In the two-body case, without core excitation, the Pauli principle is included
automatically, if it is assumed that the core neutrons occupy low-lying states
defined by the core-neutron interaction. The core states are then automatically
orthogonal to any valence states.
In the three-body case the wave function of the system should be antisymme-
tized with respect to (a) the permutation of the two halo nucleons, and (b)
exchange of neutrons between the core and halo. The first requirement is easily
satisfied by imposing the appropriate selection rule in the T coordinate system.
To satisfy the second, the wave function should be antisymmetric with respect
to the permutation of a halo and a core neutron. This part of the Pauli prin-
ciple is treated in an approximate way by requiring that the three-body wave
function of the system is orthogonal to the occupied core plus neutron states,
taken as the low-lying eigenstates of the deformed-core and neutron two-body
Hamiltonian. Once these states are constructed, the projection operator on to
the forbidden states space can be defined and they can be projected out of
the allowed three-body space, according to the standard Feshbach procedure
[32,33]. Details can be found in [30]. Such an approach is well suited to the
treatment of core nuclei with closed shells.
In using this approximation in the present study we assume that 12Be is a
closed p-shell nucleus, although, as discussed above, this is not the case. If 12Be
is assumed spherical and inert the 1s1/2, 1p1/2, and 1p3/2 states are occupied.
When core excitation is included, instead of these three states we have 11
blocked eigenstates coupled with the ground and excited states of the core.
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3 Results of two- and three-body calculations
Using the particle-rotor model described above, we now explore the parameters
(V0, β, Vls) of the two-body core-neutron potentials to see which, if any, are
compatible with the available experimental data. Our aim, in the case of 13Be,
is to find parameter values which position the 5/2+ resonance at 2 MeV and
simultaneously place a 1/2+ state near to threshold.
3.1 Deformed core calculations for 13Be
We study the properties of 13Be calculated upon variation of the core defor-
mation β, the spin-orbit potential depth Vls and the central Woods-Saxon
potential depth V0. To calculate the positions of the 5/2
+ resonances and the
energies of the bound or virtual 1/2+ states we used the R-matrix method on
a Lagrange mesh (see [31], and references wherein), which allows bound and
continuum states to be found from the same small basis set. The energies of
the 1
2
+
virtual states are determined using second-order effective range theory.
The criterion for a 5
2
+
resonance at certain energy is that the phase shift is
equal to pi/2 at this energy.
We assume throughout a standard Woods Saxon geometry, with radius r0 =
1.2 fm (R0 = r0A
1/3) and diffuseness a = 0.65 fm. The same parameters are
assumed in the spin-orbit potential. Although the 12Be deformation has been
estimated as |β| = 0.728 ± 0.084 [15], we carry out calculations for the full
range of the deformation parameter β ∈ [−1 : 1].
The 13Be system has the interesting feature that the observed 5/2+ resonance
energy at 2 MeV is very close to the excitation energy of the 12Be 2+ state of
2.1 MeV. Hence, it is natural to suggest that the existence of a 5/2+ resonance
in 13Be may be connected with the core excitation of 12Be, and that the
5/2+ resonance will contain a large amount of [2s1/2 ⊗ 2
+]5/2+ core excited
component. Consequently, we can expect two 5/2+ resonances in this system,
which, for small values of core deformation, are build on an inert core [1d5/2⊗
0+]5/2+ and on the excited core [2s1/2⊗ 2
+]5/2+. For larger core deformation
this simple labeling will not work since, due to the strong core state couplings,
the admixtures of other components in the wave function, for both resonances,
becomes large. In the calculations we adjust parameters so that the lower
of the two 5/2+ resonances is at 2 MeV because no lower state was seen
experimentally.
Obviously, the dependence of the energy of the 1/2+ state on the spin-orbit
strength is small, since the dependence is only through couplings with the
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[1d5/2 ⊗ 2
+]1/2+ and [1d3/2 ⊗ 2
+]1/2+ configurations, although that of the
5/2+ state changes significantly. We can thus assume that the position of the
1/2+ state is governed primarily by V0 and that of the 5/2
+ state adjusted
using Vls. To obtain a 1/2
+ state near threshold, and unbound, and the 5/2+
state at 2 MeV, we must choose a relatively shallow central potential and a
small spin-orbit strength. We note that the simplest mean-field descriptions
place the 2s1/2 state above the 1d5/2.
To obtain Fig. 2 we fix V0 and Vls and vary the core deformation β. This graph
is similar to a Nilsson plot except that, in the Nilsson model, the projection of
total angular momentum on the symmetry axis is used while here we project
the angular momentum on to the laboratory z-axis. Since V0 in this case is
the same for all values of deformation, the 5/2+ state is not fixed at 2 MeV.
The fixed V0 was chosen here to obtain an unbound
13Be and the 5/2+ state
at 2 MeV in the case of zero deformation, requiring Vls = −8 MeV. It is seen
that, with increasing β, the stronger coupling with the excited core lowers the
energies of the states. The behavior of the lowest 5/2+ state is, in general,
consistent with that of the 1d5/2 curve on a Nilsson plot. The behavior of the
1/2+ state is consistent with that observed for the 1/2+ state in 11Be [27,24].
There also appears here a second 5/2+ resonance, which develops non-zero
width for β 6= 0 by coupling the entrance channel to a [2s1/2⊗2
+] configuration
when the 2s1/2 is bound or nearly bound. As the 2s1/2 state becomes unbound
when β ∼ 0, the width of this state becomes vanishingly small. There is an
avoided crossing for small β.
We next fix the lowest 5/2+ state at 2 MeV and investigate whether 13Be
remains unbound in some regions of β. As is seen from the Nilsson graphs,
to maintain the 5/2+ state at a fixed energy of 2.0 MeV, we need to weaken
V0 with increasing β. These calculations were performed for several values of
Vls, from the more usual value of −7 MeV, to −1 MeV. The results for the
1/2+ state are presented in Fig. 3. The figure shows that the smaller |Vls|, the
lower the position of the 1/2+ state. This behavior is understood from the
following considerations. With a large |Vls| we have to reduce V0 in order to
place the 5/2+ resonance at 2 MeV. Conversely, for small |Vls|, V0 must be
increased and the position of 1/2+ level goes down. For Vls=−1 MeV,
13Be is
bound for all values of β. When we increase |Vls|,
13Be becomes unbound in
the regions of large β. This can be understood from the Nilsson-like graph in
Fig. 2, where the energies of the 1/2+ and 5/2+ states fall with deformation
and the position of the 5/2+ state falls faster than that of the 1/2+ state.
To compensate for this decrease, and fix the 5/2+ state at 2 MeV, we must
reduce the V0 with β. For |Vls| ≈ 2 MeV and greater,
13Be is unbound for
some values of β, and these regions increase with increasing |Vls|. For small
β, a peculiar behavior of the 1/2+ energies can be seen, a consequence of the
two 5/2+ resonances being very close in energy.
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Figure 4 clarifies the structure of the lowest of the 5/2+ resonances, fixed
at 2 MeV, and shows the percentage of core excited state components in
the resonance wave function. For small |Vls| the 5/2
+ resonance is built on
the excited core. With increasing spin-orbit depth, from −5 to −6 MeV, the
resonance changes its nature and becomes built on the ground state of the core.
For large positive β the 5/2+ resonance contains large amounts of both inert
core and excited core components and so cannot be attributed to either the
inert core or excited core resonance. For large core deformations β, the model
predicts 13Be is unbound for a significant range of spin-orbit potentials. We
note that in the region of small deformations, for spin-orbit strengths between
–6 and –5 MeV the resonance changes nature, as the avoided crossing requires
a 5/2+ state of different intrinsic structure to be located at +2.0 MeV
3.2 Deformed core calculations for 14Be.
The two-body potentials found in the previous Section are now used to calcu-
late the ground state energies of 14Be, described as a three-body system.
The convergence of the three-body energy with the number of hyperspherical
harmonics is presented in Fig. 5, and is seen to be rather slow. Given this
rate of convergence the Feshbach reduction method was used to reduce the
computation time. In the Feshbach reduction, the number of coupled-channels
equations solved explicitly is reduced by introducing an additional operator
which takes into account, approximately, the remaining channels [34]. Two
curves are shown in the figure. The first, the open circles and dashed line,
shows the results of the full coupled channels calculations. The second, the
open squares and dotted line, shows the results when using the Feshbach
reduction method. Calculations were performed to include a maximum number
of hyperspherical harmonics Kmax = 26. Those channels up to Kmax, but with
K > 12, were treated approximately by the reduction. The two calculation
schemes are shown to overlap in the central region of the figure, and the
method gives a three-body energy very close to that obtained from the full
calculation, but with a much reduced computation time.
The three-body energy of the ground state of 14Be was calculated using many
of the sets of two-body potentials obtained in the previous section for Vls from
−7 MeV to −1 MeV. Figure 6 shows the three-body separation energies which
result.
We observe that the binding of 14Be increases with the deformation as is
expected from the general observation that inclusion of core degrees of freedom
adds binding to the system.
We discuss below the regions of β and potential parameters which lead to a
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consistent, simultaneous description of 13Be and 14Be. As the results of the
two measurements of the separation energy of 14Be are quite different (see
Section 1), our objective was to obtain a separation energy for 14Be of at least
1 MeV. The calculated three-body energies for different Vls and β are shown
in Fig. 6, where we fix Vls and change β so the lowest 5/2
+ state is at 2 MeV.
The three-body energy is not symmetric with respect to the sign of β, which
can be understood with reference to the Nilsson graph of the previous Section.
For large positive β, coupling with the core excited state adds more binding to
the system. For large negative β, coupling reduces the three-body separation
energy. For small deformations the behavior of the three-body energy is more
complicated, the basis of which is the proximity of two 5/2+ resonances in
13Be in this case.
For a fixed β the three-body binding is stronger for smaller spin-orbit depths.
This is connected to the fact that, to place the 5/2+ state in 13Be at 2 MeV, we
have to choose a weaker V0 in the case of strong Vls. For large β the dependence
of the three-body energy on |Vls| is approximately linear. Figure 7 shows that
for negative β we have only a small region of parameters where the binding
energy of 14Be exceeds 1 MeV, whereas for positive β we have a more extended
range of parameters.
The next step is to compare these results with the binding energies in the 13Be
subsystem. In the area above the solid curve in Fig. 7 13Be is unbound. We see
that for positive β the two areas overlap and so we have a region of parameters
where both 13Be and 14Be are described simultaneously. For negative β the
three-body binding is not sufficient for the two areas to overlap and we cannot
obtain a simultaneous description of 13Be and 14Be.
The probabilities of the main components of the three-body wave function, in
the jj-coupling scheme, are presented in Fig. 8. We study the β dependence of
these probabilities for fixed Vls of −2.5 MeV. We see that the main component
in the ground state wave function is (s1/2)
2 ⊗ 0+, being 45% for β = 0.8 and
Vls = −2.5 MeV. The probability associated with this component decreases
rapidly with β, whereas the probability of core excited components increases
with β, since the coupling with the excited core state is strong. The (d5/2)
2⊗0+
probability is small compared to that for (s1/2)
2 ⊗ 0+ and is only 8.5% for
β = 0.8 and Vls = −2.5 MeV. This component is almost constant for large β
and changes when |β| → 0. The core excited components are very small for
negative β, e.g. for β = −1.0 and Vls = −2.5 MeV the wave function is 70% of
(s1/2)
2⊗ 0+, 10% of (d5/2)
2⊗ 0+, 4% of (d3/2)
2⊗ 0+ and the remaining 16% is
spread over the many core excited components. For positive β the (d5/2)
2⊗2+
and (s1/2, d5/2) ⊗ 2
+ probabilities increase with β and are 10% each when
β = 0.8 and Vls = −2.5 MeV, while the other components are comparatively
small.
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The β dependence of the summed probabilities of all wave function config-
urations with an excited core is shown on Fig. 9 for three values of Vls. We
note that the probability of the core excited components increases with β, and
very quickly for positive deformations. The probability rises from 0.0 % for
zero deformation to nearly 45% for β = 1. For negative β the probability of
excited core components rises to a maximum of only 15%. The probabilities
do not change significantly with Vls.
The halo in light nuclei is favored if the ground state of the nucleus contains a
significant s-wave component. We have assumed that the ground state of 13Be
is an s-state and calculate that the main component of the three-body wave
function is an also an s-state. We find that the 14Be ground state is consistent
with a large core deformation and hence contains a large admixture of core
excited components, being nearly 40% for β = 0.8 and Vls = −2.5 MeV.
4 Conclusions
In this paper we have obtained a range of three-body model space parameters
(V0, β, Vls) which are able to describe correctly the available experimental data
for 13Be and 14Be. These include the Borromean property of the 14Be system,
the position of the 5/2+ resonance in 13Be, the large quadrupole deformation
of 12Be, and the observed two-neutron separation energy of 14Be.
We have assumed that 14Be is represented as a deformed core plus two neu-
trons, three-cluster system. For simplicity we use a particle-rotor model for
13Be, assuming that the 0+ and 2+ states in 12Be form the lowest two members
of a K = 0 rotational band, and that there are no other relevant low-lying
excited states in the core. The resulting three-body problem was solved using
the hyperspherical expansion method. The Pauli Principle treatment consisted
of projecting the forbidden states out of the space of allowed three-body so-
lutions, assuming that the 12Be core is a closed p-shell nucleus.
Assuming standard potential geometry parameters we find that, for large pos-
itive quadrupole core deformations, β > 0.8, depths of the Woods-Saxon and
spin-orbit potentials can be found such that the 1/2+ 13Be ground state is
unbound and 14Be has a two-neutron separation energy of more than 1 MeV.
To achieve this we require weak spin-orbit potential strengths, of less than 3
MeV, and comparatively shallow deformed Woods-Saxon potentials. The cal-
culated three-body 14Be ground state wave function has s-waves as its main
component (45%), reflecting the halo properties of this nucleus. The excited
core component in the case that β = 0.8 and Vls = −2.5 MeV is approximately
35%. The implications of this deformed core three-body wave function for the
radius of 14Be deduced from interaction cross section measurements will be
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discussed elsewhere [36].
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Fig. 1. The T-set of Jacobi coordinates.
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Fig. 2. The deformation dependence of the two 5/2+ states and the 1/2+ state in
13Be when Vls = −8 MeV, and other model parameters are fixed (see text).
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Fig. 3. The deformation dependence of the 1/2+ level in 13Be for different values of
spin-orbit depth Vls. The central potential strength V0 was adjusted for each β to
keep the lowest 5/2+ state at 2 MeV.
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Fig. 4. Percentage of core excited components in the 13Be 5/2+ resonance fixed at
2 MeV by varying V0 for each β.
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Fig. 5. Convergence of the three-body ground state energy of 14Be, with the maxi-
mum number of hyperspherical harmonics Kmax. The dashed curve and open circles
represent full coupled channels calculations. The dotted curve and open squares
represent the calculations for each Kmax, but with the number of hyperspherical
harmonics treated exactly reduced to 12.
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Fig. 6. Deformation dependence of the three-body binding energy of 14Be, calculated
using the adjusted Woods-Saxon potential parameters for a set of spin-orbit depths,
at each β varying V0 as in Figs. 3 and 4.
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Fig. 7. The region of β and Vls which describes
13Be and 14Be simultaneously. The
left panel corresponds to positive β and the right to negative β. The solid lines
correspond to the limit of no binding in 13Be (E2b = 0), the dashed lines correspond
to a two-neutron separation energy in 14Be E3b equal to 1 MeV. The shaded area to
the left from the solid line represents the area of parameters where 13Be is unbound
and the shaded area to the right from the dashed line shows the area where the
binding energy of 14Be is larger than 1 MeV. The overlap of this areas represents
the area of parameters where the simultaneous description of 13Be and 14Be is
achieved. It is seen that this is possible only for large positive deformations.
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Fig. 8. Probabilities of the main components in the three-body wave function of
14Be as a function of β, for the case with fixed spin-orbit depth Vls = −2.5 MeV.
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Fig. 9. The total excited core components in the 14Be ground state three-body wave
function as a function of core deformation β for several values of Vls.
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